Objective-Endothelial progenitor cells (EPCs) display a unique aptitude to promote angiogenesis and restore endothelial function of injured vessels. How progenitor cells can execute a regenerative program in the unfavorable environment of injury/inflammation-induced oxidative stress is poorly understood. We hypothesized that EPCs are resistant to oxidative stress and that this resistance is due to high expression and activity of antioxidant enzymes. Methods and Results-EPCs outgrown from human blood of healthy subjects demonstrated a marked resistance to cytotoxic effect of LY83583 (an O 2 . generator), tumor necrosis factor-␣, and serum depletion. LY83583 inhibited in vitro tube formation by human umbilical vein endothelial cells (HUVECs) and human coronary artery endothelial cells (CAECs), but not by EPCs. Compared with HUVECs and CAECs, EPCs exhibited Ϸ3to 4-fold higher expression and activity of manganese superoxide dismutase (MnSOD), but not copper zinc superoxide dismutase (CuZnSOD) or catalase. The antioxidant profile in EPCs was associated with preservation of the mitochondrial network when exposed to LY83583. Moreover, cytotoxic effects of LY83583 on CAECs and HUVECs were reversed by adenoviral overexpression of MnSOD.
E vidence continues to accumulate on the importance of endothelial progenitor cells (EPCs) in neovascularization of ischemic tissues and inhibition of neointimal proliferation after balloon-injury. [1] [2] [3] [4] [5] EPCs isolated from circulating blood may originate from bone marrow 6, 7 or from resident EPCs embedded within organs. 8 In contrast to differentiated mature endothelial cells, EPCs have a high proliferation potential and can be expanded extensively in vitro. 6, 7, 9 Transplantation of EPCs enhances vascular development by in situ differentiation and proliferation within ischemic organs. 10, 11 Successful transplantation and beneficial therapeutic effect of EPCs in ischemic tissues of experimental animal models 1,2 and in humans 4, 12 suggest that EPCs may exhibit a high survival potential under unfavorable conditions of ischemiareperfusion and associated oxidative stress.
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Excessive production of reactive oxygen species (ROS) and reactive nitrogen oxide species is an essential mechanism underlying pathogenesis of endothelial dysfunction and vascular disease. 13 Although it has been established that antioxidant enzymes, namely superoxide dismutases (SODs, converting O 2 . to H 2 O 2 ), catalase, and peroxidases (H 2 O 2 scavengers), are critical in the defense against oxidative stress, 14 the antioxidant profile of progenitor cells remains poorly understood. Here we demonstrate that human EPCs possess a unique property to withstand oxidative injury and that elevated expression of manganese superoxide dismutase (MnSOD, a mitochondria-located SOD) is a critical intrinsic mechanism protecting EPCs against oxidative stress. gradient centrifugation with Ficoll-Paque Plus (Amersham Biosciences Corp) as previously described. 7, 9 Isolated mononuclear cells were plated at a density of Ϸ2ϫ10 7 cells per well on 6-well plates coated with human fibronectin (R&D Systems Inc) in endothelial growth medium-2 (EGM-2, Cambrex Corp), composed of endothelial cell basal medium-2 (EBM-2), 5% fetal bovine serum, and growth factors. Cell colonies appeared at Ϸ2 to 3 weeks. At 4 weeks, subconfluent cell colonies were passaged and cells were subsequently cultured in EGM-2. In parallel, human umbilical vein endothelial cells (HUVECs; Clonetics) and human coronary artery endothelial cells (CAECs; Clonetics) were cultured in EGM-2 with the same list of additives as used for EPCs. The majority of the experiments were performed on the cells cultured from passages 4 to 8. In some control experiments, studies were performed on the cells of passages 2 to 9. All cells studied were at similar confluence within the same experiment. Morphological appearance, indirect immunofluorescence, and flow cytometry analysis were used to define endothelial cell phenotype of EPCs as previously described. 6, 7, 9, 15 For detection of von Willebrand factor and Flk1, cells were permeabilized by incubation with 0.1% Triton X-100 for 2 minutes. 7
Western Blot Analysis
Western blotting was performed as previously described. 16 Rabbit polyclonal antibodies against MnSOD, 17 CuZnSOD, 17 
Assessment of Cell Viability
EPCs, CAECs, and HUVECs, plated at 2ϫ10 4 per well on 24-well plates (3 wells for each sample), were treated with 1, 4, or 8 mol/L LY83583 (Biomol Research Labs Inc) or 0.1 ng/mL TNF-␣ for 72 hours, and medium along with detached cells removed. Remaining attached cells were harvested by trypsinization and counted in a hemocytometer. Experiments were performed 3 to 6 times. The treated cell numbers were normalized to % of untreated control (cells cultured in EGM-2 alone for 72 hours).
In separate experiments, HUVECs were incubated with replicationdeficient adenoviral constructs containing human MnSOD (AdMnSOD, ViraQuest Inc) at 50 multiplicities of infection (MOI) in 1 mL of EGM-2 for 24 hours. Cells were then recovered in fresh EGM-2 for another 24 hours. For controls, cells were transduced with 50 MOI adenovirus expressing ␤-galactosidase (AdLacZ) for 24 hours. HUVECs were then treated with 10 mol/L LY83583 for 72 hours. The attached cells were harvested by trypsinization and assayed for cell viability by trypan blue (Sigma-Aldrich Co) dye exclusion.
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling (TUNEL) Assay
Cells (5ϫ10 4 per well) were seeded on 2-well chamber slides. After treatment with LY83583 (for 72 hours), cisplatin (for 24 hours), or EBM-2 (for 24 hours), DNA strand breaks were labeled with fluorescien-12-dUTP. TUNEL-positive cells (green-staining nuclei) were counted from 15 random fields of each sample using a fluorescent microscopy; data were expressed as percentage of total number of cells.
In Vitro Tube Formation Assay
Endothelial tube formation was assessed using Matrigel assay (BD Biosciences). Cells were seeded with a density of 7ϫ10 4 /well on 24-well plates (3 wells for each condition) coated with 250 L Matrigel and incubated with EGM-2 alone or EGM-2 supplemented with 8 mol/L LY83583 for 10 hours at 37°C. Tube formation was examined by a phase-contrast microscopy and tube circles were counted in the center field (ϫ4 magnification) of each well. Four independent experiments were performed.
Tracking Mitochondrial Integrity
Fluorescent confocal microscopy and electron microscopy were used to monitor morphology of mitochondria. HUVECs, CAECs, and EPCs grown on 2-well chamber slides were treated with O 2 .
generating compound LY83583 (8 mol/L) for 24 hours (in some CAECs groups, cells were transduced with 50 MOI AdMnSOD or AdLacZ for 24 hours and recovered in fresh EGM-2 for another 24 hours before LY83583 treatment). Cells were then loaded with MitoTracker Red CM-H 2 XRos (100 nM for 1 hour, Molecular Probes Inc), a marker of mitochondrial integrity. Cells were then fixed and costained with the nuclear fluorescent dye Hoescht 33528 and examined using fluorescent confocal microscopy. For quantification of the cells with bright punctate-like mitochondrial appearance, 223Ϯ14 cells from 10 to 15 random fields were counted for each sample. In addition, electron microscopy (1200 EXII, JEOL) was used, as described, 18 to capture changes in mitochondrial structure at high-resolution after oxidative stress with LY83583 (10 mol/L for 24 hours).
Zymograms of Antioxidant Enzymes
Total protein of each sample (100 g per well) was separated in a native polyacrylamide gel. The enzymatic activity staining experiments for SOD and catalase were performed as described by Beauchamp and Fridovich 19 and Sun et al, 20 respectively. The optical densities of the bands were measured by Scion Image (Scion Corp).
Statistical Analysis
Data are presented as meanϮSD. Differences between mean values of multiple groups were analyzed using ANOVA followed by Bonferroni t test multiple comparison procedure (SigmaStat 2.03 for Windows). Comparison between 2 groups was made using Student t test. PϽ0.05 was considered statistically significant.
Results

Characterization of EPCs Phenotype
Two to 15 colonies per blood sample of healthy individuals were grown 2 to 3 weeks after isolation of mononuclear cells ( Figure IA , available online at http://atvb.ahajournals.org). At confluence, EPCs exhibited the "cobblestone" morphology and monolayer growth pattern typical of endothelial cells ( Figure IB) . The endothelial phenotype of the outgrown EPCs were further characterized by positive staining for acetylated low-density lipoprotein uptake, isolectin binding, and expression of endothelial markers such as Flk-1, von Willebrand factor , CD31, and VE-Cadherin ( Figure IC through IE, IG, and IH). In addition, EPCs demonstrated expression of the endothelial-specific eNOS, though at reduced levels compared with mature endothelial cells, HUVECs, and CAECs (Figure 1 ). Typical for endothelial cells, challenge with a cytokine cocktail for 24 and 48 hours decreased eNOS protein expression in both HUVECs and EPCs, yet with a lower eNOS level than found in EPCs.
Comparison of Survival Ability and Function of EPCs and Mature Endothelial Cells Under Oxidative Stress
Human EPCs displayed high tolerance to cytotoxicity induced by napthoquinolinedione LY83583, an established generator of intracellular O 2 . , 21 and by conditions shown to induce oxidative stress (TNF-␣ and serum depletion). 22, 23 Incubation with 1, 4, or 8 mol/L LY83583 or 0.1 ng/mL TNF-␣ for 72 hours significantly decreased the number of attached HUVECs and CAECs, as compared with EPCs ( Figure 2 ). In fact, as shown in Figure 2A , severe cytotoxicity, which included cell deformation, detachment, and formation of cell debris observed in HUVECs and CAECs treated with LY83583, was blunted in EPCs, indicating stress tolerance of progenitor cells. Further study of apoptosis (one of the cell death mechanisms) using TUNEL assay demonstrated that EPCs were more resistant to apoptosis induced by serum depletion and LY83583 compared with mature endothelial cells ( Figure 2D and 2E; representative fluorescent confocal micrographs shown in Figure IIA , available online at http://atvb.ahajournals.org). However, the apoptotic response of EPCs to cisplatin (a direct DNA damage agent) 24 were similar to those in mature cells ( Figure IIB) . Matrigel tube formation assay (an in vitro angiogenic assay) showed that incubation of cells with 8 mol/L LY83583 caused a severe inhibition of capillary tube formation by mature endothelial cells (HUVECs and CAECs), but not by EPCs ( Figure 3A and 3B ).
Elevated Expression of MnSOD in EPCs
On Western blot, EPCs compared with HUVECs and CAECs displayed at baseline Ϸ3to 4-fold higher protein levels of MnSOD, a mitochondrial antioxidant enzyme (Figure 4) .
This difference was consistently present in all tested passages (HUVECs, 2 to 9 passages; CAECs, 4 to 9 passages; EPCs, 4 to 8 passages; data not shown). This distinct expression profile translated into an increased enzymatic activity of MnSOD, which was found to be significantly higher in EPCs compared with HUVECs and CAECs (Figure 4 ). In contrast, the protein expressions and enzymatic activities of CuZnSOD or catalase were not significantly different between EPCs and mature endothelial cells. Moreover, TNF-␣, an inducer of MnSOD, 25 produced significantly higher expression of this protective enzyme in EPCs compared with HUVECs, which persisted for at least 72 hours ( Figure 5A and 5B ). TNF-␣ (0.1 and 0.5 ng/mL, 24 hours) treatment did not significantly change the expression of CuZnSOD or catalase in EPCs and HUVECs (data not shown). Thus stress-tolerant EPCs display a distinct antioxidant profile characterized by an elevated constitutive expression of mitochondrial MnSOD. Because induction of MnSOD by TNF-␣ is nuclear factor B (NF-B)-dependent, 26 we also examined 2 other proteins (VCAM-1 and COX-2) known to be induced by TNF-␣ mediated by NF-B. 27, 28 As shown in Figure III (available online at http://atvb.ahajournals.org), TNF-␣ induced VCAM-1 in both HUVECs and EPCs with significantly higher VCAM-1 expression in EPCs at concentrations of 0.01 and 0.1 ng/mL, whereas a higher VCAM-1 protein level was detected in HUVECs at concentrations of 0.5 ng/mL. In the same concentration range, TNF-␣ stimulated COX-2 expression in HUVECs but not in EPCs ( Figure III ).
Mitochondrial Resistance of EPCs
EPCs, CAECs, and HUVECs demonstrated a similar intracellular distribution of mitochondria with a characteristic thread-like network appearance revealed by the mitochondrial-selective dye, Mito Tracker Red CM-H 2 Xros ( 29 ; Figure 6A ). Under oxidative stress produced by 8 mol/L LY83583 for 24 hours, in 92Ϯ4% of HUVECs and 87Ϯ3% of CAECs, mitochondrial staining showed disruption of the thread-like network with a significant punctate appearance ( Figure 6A and 6B) . In contrast, under the same stress, mitochondria in EPCs maintained the normal thread-shaped network with only a fraction of these cells (7Ϯ3%), demonstrating mitochondrial alteration and punctuation ( Figure 6A and 6B). No punctate cell was found in non-LY83583-treated groups of HUVECs, CAECs, and EPCs (nϭ3 to 5). Live imaging of mitochondria with tetramethylrodamine methyl (TMRM) also demonstrated loss of normal mitochondrial architecture associated with generation of punctate-like mitochondria in the majority of LY83583-treated HUVECs but not EPCs (data not shown), indicative of selective mitochondrial tolerance in progenitor cells. At high resolution electron microscopy ( Figure IVA , available online at http://atvb.ahajournals.org), the structural integrity of mitochondria in EPCs treated with LY83583 was maintained, whereas in HUVECs oxidative stress produced mitochondrial matrix swelling with organelle damage. Thus, EPCs demonstrate a higher mitochondrial tolerance toward oxidative stress.
To demonstrate that the cytotoxic effects of LY83583 are caused by increased formation of O 2 . , and to further confirm that resistance of EPCs to oxidative stress is related to increase in MnSOD expression, CAECs were transduced with 50 MOI AdMnSOD or AdLacZ (as a control) before LY83583 treatment (8 mol/L for 24 hours). Mitochondrial staining showed that mitochondria were resistant to oxidative damage by LY83583 in the majority of cells transduced with 50 MOI AdMnSOD but not in cells transduced with 50 MOI AdLacZ ( Figure 6B ). AdMnSOD or AdLacZ transduction alone did not cause significant mitochondrial damage (8Ϯ5% and 2Ϯ1% cells with punctate appearance in CAECs transduced with AdMnSOD and in CAECs transduced with AdLacZ, respectively; nϭ3). Live imaging of mitochondria by TMRM indicated that tranduction of HUVECs with 100 MOI AdMn-SOD (but not with AdLacZ) protected mitochondria from damage by LY83583 (data not shown). Cell viability assayed by trypan blue exclusion demonstrated that 50 MOI AdMn-SOD protected HUVECs from cytotoxicity of LY83583, whereas AdLacZ failed to show the protective effect ( Figure  IVB ).
Discussion
The results of this study demonstrate that EPCs are resistant to cytotoxic effects induced by LY83583, serum depletion, or TNF-␣ compared with mature endothelial cells (CAECs and HUVECs). This resistance is in part due to the ability of EPCs to preserve mitochondrial integrity under conditions of oxidative stress. High level of MnSOD expression and enzymatic activity in EPCs appear to be the major molecular mechanism underlying this phenomenon. In contrast, expression and function of CuZnSOD and catalase are similar in EPCs and CAECs. These results suggest that MnSOD is the most likely of the 3 antioxidant enzymes to be responsible for resistance of EPCs to oxidative stress.
In the present study, the endothelial phenotype of EPCs was established by morphological, immunohistochemical, and biochemical criteria. 6, 7, 9 EPCs expressed endothelial specific markers, whereas cytokines downregulated expres-sion of eNOS in EPCs consistent with the reported ability of cytokines to decrease expression of eNOS in HUVECs. 30 Interestingly, we observed a low basal level of eNOS protein expression in EPCs as compared with mature endothelial cells. Functional implications of low eNOS expression in EPCs are unclear and remain to be determined.
Oxidative stress plays an essential role in pathogenesis of vascular disease. 13, 31 In the present study, treatment with O ⅐Ϫ 2 generator LY83583 and conditions (TNF-␣ and serum depletion) reported to induce ROS-mediated apoptosis in various systems 22, 23 caused cell death and abolished angiogenic capacity in HUVECs and CAECs but not in EPCs, suggesting that EPCs may have a higher antioxidant capacity than mature endothelial cells. Our study also showed that very high levels of oxidative stress could overwhelm the antioxidant defenses causing EPCs death, as demonstrated by treatment of EPCs with high concentration of LY83583 (12 mol/L). Interestingly, EPCs were not resistant to DNAdamaging agent cisplatin. Even though increased production of ROS has been observed after treatment with DNA damaging agents such as cisplatin, 32 current evidence suggests that this increase in ROS after DNA damage reflects caspasemediated disruption of electron transport in mitochondria during the cell death process. 33, 34 The sensitivity of EPCs to cisplatin may be due to the possibility that the DNA damage and subsequent activation of proapoptosis pathways (rather than mitochondrial oxidative stress) are primarily responsible for cytochrome c release and apoptosis. Apparently, EPCs may not be resistant to all death-inducing stimuli.
Our studies demonstrate that EPCs had a higher expression and enzymatic activity of MnSOD compared with HUVECs and CAECs, although the protein expression and activity of CuZnSOD and catalase were similar between EPCs and mature endothelial cells. This finding suggests that MnSOD may play an important role in the resistance of EPCs to oxidative stress. Our results are consistent with the previously reported cytoprotective effect of MnSOD. 35, 36 Further support for this concept was provided by morphological analysis of mitochondria. In HUVECs, LY83583 induced swelling of mitochondria that was reflected in disruption of the normal intracellular mitochondrial network. Minimal morphological changes were detected in EPCs exposed to LY83583. Most importantly, overexpression of recombinant MnSOD in CAECs and HUVECs prevented LY83583-induced mitochondrial damage and cell death, strongly suggesting that MnSOD is an essential enzyme responsible for the maintenance of normal mitochondrial morphology in endothelial cells faced with high concentration of O 2 . . Thus functional, biochemical, and morphological evidence supports the concept that EPCs may be able to survive severe oxidative stress in part because of high level of MnSOD expression and enzymatic activity. The proinflammatory cytokine TNF-␣ can cause both apoptosis and necrosis by activation of complex signal transduction pathways. These effects could be mediated by increased production of ROS in mitochondria 37 or upregulation of NADPH oxidase. 38 In contrast, TNF-␣ has been shown to protect cells against ROS by increasing expression and activity of MnSOD. 25 In this study, we provide the first evidence that TNF-␣ causes a concentration-dependent upregulation of MnSOD protein expression in EPCs. This effect was much more pronounced than the corresponding effect of TNF-␣ in HUVECs, suggesting that EPCs may be able to withstand more severe oxidative stress than adult endothelium under pathological conditions associated with increasing tissue concentration of cytokines. 39 The mechanisms underlying high induction of MnSOD in EPCs are not clear. TNF-␣-induced expressions of MnSOD, VCAM-1, and COX-2 are NF-B-dependent. 26 -28 However, regulation of MnSOD by TNF-␣ in EPCs apparently is different from COX-2 and VCAM-1. In EPCs, we were not able to induce expression of COX-2 protein by TNF-␣. Furthermore, the induction of VCAM-1 by TNF-␣ was stronger in EPCs in the presence of low concentrations of TNF-␣. In contrast, higher concentrations of TNF-␣ induced higher expression of VCAM-1 in HUVECs as compared with EPCs. Thus it appears that in EPCs, TNF-␣ selectively upregulates expression of MnSOD. Mechanisms responsible for this selectivity remain to be investigated.
Despite the limitations inherent in culturing of endothelial cells of different origin, the results of this study demonstrate that human EPCs isolated from circulating blood are resistant to cytotoxic effects induced by LY83583, TNF-␣, and serum depletion. Complex molecular mechanisms could be responsible for this phenomenon. The results of our experiments point to MnSOD as an important component of EPC resistance to oxidative stress. We speculate that the elevated antioxidant capacity is designed to enable EPCs to survive in a high oxidative stress environment during ischemia-induced angiogenesis, ischemia-reperfusion, and/or inflammation.
